The submillimeter-wave rotational transitions of TiCl in the ground state were observed using a double-modulation technique. TiCl was generated in a DC-discharge of a mixture of TiCl 4 vapor (less than 1 mTorr) and Ar buffer gas (80 mTorr) at a current of 200 mA. The 
I. INTRODUCTION
Although gas phase spectroscopy has been applied to transition-metal-containing molecules for a long time, structural information is still limited. Most metals have very high melting points that prevent the production of sufficient gaseous samples. Another important factor is the complexity of their electronic spectra. Because transition metal atoms have an open d shell, there is often a high density of close-lying electronic states with high spin multiplicitlies and large orbital angular momenta. As a result, spectra are dense, and sometimes the close states severely perturb each other. The molecules tend to be heavy and have small rotational constants, making the rotational lines difficult to resolve. These factors often lead to incorrect or ambiguous assignments.
TiCl is a typical transition-metal-containing molecule. Since the first spectroscopic detection by Fowler in 1907 in the region 400-420 nm (1), the observed complex band structure has caused controversy (2-10). More and Parker (2) attributed strong bands in the region 400-420 nm to a doublet system in their vibrational analysis. Rao (3) revised the electronic assignments to a 4 -4 − transition. Following Rao (3), Shenyavskaya et al. (4) investigated the possibility of different assignments, but they retained the electronic assignment as a 4 -4 − . Chatalic et al. (5) , and Diebner and Kay (6) each proposed similar assignments. Later, Lanini (7) carried out a rotational analysis for a few strong bands and suggested they were 2 -2 transitions. Phillips and Davis (8) classified a number of bands in the region 409.5-420 nm into four = 1 doublet-doublet transitions, but they did not specify the quantum number for the upper and lower states.
It is only recently that Ram et al. (11) observed the electronic spectra of the isovalent TiF by Fourier transform spectroscopy and laser excitation spectroscopy. They obtained the energy separation between X state. This assignment agreed with the results of recent ab initio calculations on TiF (12, 13) . Following the spectroscopic study of TiF (11), Ram and Bernath recorded Fourier transform (FT) emission spectra of TiCl (9) . They proposed assignments for bands in the region 3 000-12 000 cm −1 as G 4 -X 4 , G 4 -C 4 , and C 4 -X 4 , by analogy with TiF and TiH. They also predicted that the 420-nm bands were due to a 4 -X 4 transition, from their assignment of the infrared bands. Most recently, this prediction was supported by Imajo et al. (10) , who recorded the emission spectra in the 420-nm region using a Fourier transform spectrometer.
Several theoretical calculations for TiCl have been reported (12, (14) (15) (16) . Boldyrev and Simons calculated low-lying electronic states of TiCl as well as TiF using coupled cluster methods such as QCISD, QCISD(T), CCSD, and CCSD(T) (12) . According to these calculations, the ground state is 4 , but the 4 − and 2 r states were predicted to be only a few thousand wavenumbers above the ground state. They also computed the bond length (r e = 2.311Å at a CCSD(T)/6-311 + +G(2d, 2 f ) level), the harmonic vibrational wavenumbers (ω e = 393 cm −1 ), and the dipole moment (µ e = 3.863 D at a QCISD/6-311 + +G(d, f ) level). Focsa et al. (14) compared the results calculated with ligand field theory (LFT) and density functional theory (DFT) for TiCl and TiCl + . They suggested that the ground state was 4 on the basis of both LFT and DFT calculations. LFT provided the excitation energies for the 4 (9, 10) and suggest that the TiCl molecule has a relatively pure 4 ground state. There is, however, still no experimental proof of the identity of the ground state, because the experimental conclusions were derived only from emission spectra (9, 10) and by analogy with TiF and TiH.
In this study, we have observed pure rotational absorption transitions ranging from J = 41.5 to 62.5 in the region 400-600 GHz for two chlorine isotopic species, Ti 35 Cl and Ti 37 Cl, for four different spin components. Also, lines in the v = 1 and 2 excited vibrational states for Ti 35 Cl were detected. In this paper, we present the 4 effective rotational constants and the molecular structure, and confirm the assignment of the ground state of TiCl. Figure 1 is a schematic diagram of the experimental setup. The absorption spectra of TiCl were detected using a submillimeterwave spectrometer with a double modulation technique (19) at Ibaraki University. The radiation was generated by two backward-wave oscillator (BWO) tubes that covered 400-600 GHz with some gaps. The double modulation method enables a very effective baseline subtraction (19) . Consequently, weak TiCl lines were made more recognizable and the line positions were determined more precisely than is possible with ordinary source modulation. The source modulation and discharge modulation frequencies were set at 40 kHz and 28.3 Hz, respectively.
II. EXPERIMENTAL
The discharge cell was a 1.5-m-long and 40-mm-inner diameter Pyrex tube with a cube corner reflector at the end of the cell. The polarization of the submillimeter-wave radiation was rotated 90
• by the mirror. The radiation back to the entrance of the cell was reflected by a beam splitter and detected with a helium-cooled InSb detector.
The TiCl molecules were produced in a DC-glow discharge through a flowing mixture of TiCl 4 vapor and Ar. A commercial TiCl 4 (Aldrich, 99%) sample was placed in a glass tube at room temperature. The pressure of TiCl 4 was controlled with a Teflon valve and monitored with a Baratron pressure gauge at the exit of the cell. The cell was evacuated with a mechanical booster pump backed by an oil-free rotary pump. At the beginning, the search for the pure rotational spectra was guided by the effective molecular constants obtained from the FT emission work (9, 10) . If the ground state is really 4 r , then the lines of the = 3/2 component should be stronger than those of the other spin components. Considering the output power of the BWO and the intensity distribution for the different spin components, we started to search for the = 3/2 spin component of the J = 45.5 ← 44.5 transition around 439.40 GHz. The initial vapor pressure of TiCl 4 was approximately 1 mTorr or more. At least 60 mTorr of Ar buffer gas was necessary to sustain a stable DC discharge with a current of 100 mA. The absorption cell was cooled to 0
• C. After some manipulation of the chemistry and a search in a wider frequency range, we found one weak absorption line at 439.37 GHz, which was about 30 MHz lower than the prediction. After the first detection and the optimization of the discharge conditions, we investigated other frequency regions, taking into account a systematic shift (30 MHz) found for our initial prediction, and we found absorption lines with similar intensities. We also tried to find the other spin components using the predicted frequencies, and we obtained spectra for all spin components. Because the absorption lines could not be produced without TiCl 4 vapor, and the line positions were found with a systematic deviation of about 30 MHz from the initial prediction, we concluded that these absorption lines were due to the rotational transitions of TiCl, and the ground electronic state of TiCl must be a quartet.
Ultimately, the optimum conditions for producing TiCl were found. The optimum pressure of TiCl 4 was less than 1 mTorr with ∼80 mTorr Ar buffer. The DC discharge current was optimized at 200 mA. The cell was at room temperature although generally speaking, radical species can be more easily detected at a lower temperature. Note that the pressure of TiCl 4 critically affected the production of TiCl. The optimum pressure was eventually established by observing the discharge color. When the color was radiant blue, the spectra appeared strongly. Figure 2 shows an example of the recorded double-modulated spectra.
Following the detection of the v = 0 state of Ti 35 Cl, the measurements were extended to the v = 0 level of Ti 37 Cl and the v = 1 level of Ti 35 Cl by using the molecular constants from the FT measurements (9, 10) . It turned out that the signals were strong enough to observe rotational transitions in the v = 2 level During the survey, several lines, which have a slightly different optimum reaction condition from that of TiCl, were also discovered. They are probably due to other Ti-containing molecules and will be investigated in the future. Tables 1-4 list the observed  transition frequencies of Ti 35 Cl (v = 0, 1, 2) and Ti 37 Cl (v = 0). Three sets of measured frequencies of the upward and downward scans were averaged to obtain precise transition frequencies. The line accuracy is expected to be about ±50 kHz.
III. ANALYSIS
The analysis was carried out in three steps. First, effective polynomial energy formulas were applied separately for the four spin components. This procedure provided an estimate of the spin-orbit coupling constant A so . Secondly, the 4 × 4 energy matrix was set up for a 4 state with the N 2 reduced Hamiltonian using Hund's case (a) basis functions and used to fit the data. Finally, we combined all spectroscopic data available to derive more reliable molecular constants in the ground state.
III.1. Effective Polynomial Formula
The effective rotational constants for the four different spin components were determined by fitting the lines of each spin component separately to the simple energy expression
where B eff and D eff are effective rotational and centrifugal distortion constants, respectively. The effective molecular constants thus obtained are listed in Table 5 . The effective rotational constants of the four spin components show good agreement and great improvement over the previous values from electronic FT emission spectra (9, 10) . The effective rotational constants for four spin components are given in terms of the rotational and spin-orbit constants as (11)
The spin-orbit and rotational constants obtained using Eqs. [2] to [5] for Ti 35 Cl in the v = 0 state were 1 159 GHz and 4 861.022 72(20) MHz, respectively. The spin-orbit constant is comparable to the value 1 104.99 GHz derived from a recent laser spectroscopic measurement (20) . The spin-orbit parameter can also be estimated from the atomic metal ion parameter, ζ (21) . According to recent theoretical calculations (12, (14) (15) (16) (22) , then the molecular A so is estimated to be 39 cm −1 (1 300 GHz), in excellent agreement with our value.
III.2. N 2 Reduced Hamiltonian
We fitted the data using the N 2 reduced Hamiltonian (23-25) and the 4 × 4 matrix derived using Hund's case (a) basis functions. The Hamiltonian used is H = H rot + H so + H rs + H ss + H (3) so , [6] where
and N = J − S, [12] where [x, y] + stands for the anticommutator x y + yx. 
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where u(i) indicates an estimated uncertainty of the measurement, N is the number of data, and M the number of parameters used.
No cross transitions with = 0 were observed in our submillimeter-wave measurements, and thus the spin-orbit constant was fixed to our estimated values. The molecular constants thus determined for Ti 35 Cl (v = 0, 1) are listed as "Set I" in Table 6 . The rotational constants compared well with the estimated values from formulas [2] - [5] . Note that we could also attain a similar quality of the fit without the third order spin-orbit coupling term (25) , η [11] , if a higher order centrifugal distortion term λ H were included as an adjustable parameter.
III.3. Reanalysis of the Previous FT Measurement
Based on our confirmation of the ground state as 4 , the C and G states (9) and a state lying around 23 000 cm −1 (10) should be 4 , 4 , and 4 , respectively. However, the C 4 and G 4 states of TiCl were analyzed only by using the effective energy formula [1] , and the spacing between spin components was not known. 1-0 transition was available but excluded from our fit because the band is strongly perturbed.
In the first fit, only the Fourier transform data and the combination differences from the laser experiment were included. In the fit, the line accuracy was set to 150 MHz for FT emission (9) and 200 MHz for laser combination differences (20) . An effective Hamiltonian [6] - [12] (23-25) was also utilized for the C 4 state. The molecular constants for the ground electronic state (v = 0, 1) obtained from this fit are listed as "Set II" in Table 6 . The spin-orbit coupling constant in the X 4 (v = 0) state was determined to be 37.213 22(37) cm −1 (1 115.6243(111) GHz), in a good agreement with the predicted value, 1 159 GHz. In this fit, the predicted line positions agree with those measured within the estimated experimental uncertainties, while η v is too small to be determined from the FT and laser data alone.
In the second fit, we included in addition our submillimeterwave data in the data set. The obtained molecular constants in the ground state (v = 0, 1) are listed as "Set III" in Table 6 , and those for the electronically excited states are in Table 8 . When we included the submillimeter-wave data in our fit, η v appeared to be necessary in the fit, indicating that η v is determined mainly from the high precision submillimeter-wave data. The η v constant is needed to account for deviations from a pure Hund's case c Estimated values from our effective constants in Table 5 .
(a) state and, consequently, A v and λ v differ significantly from the values in Set II of Table 6 . These differences in molecular constants were caused by the inclusion of pure rotational transitions and also because η v is considered in Set III but not Set II. None of the transitions observed provide distinct information on the spin-spin interaction. The relative locations of the different spin components are not quite fixed from the observations. In this respect, these spin coupling constants should be regarded as effective parameters. Although the molecular constants thus obtained are still somewhat effective, these constants in Set III should be more realistic than those in Sets I and II. Note that the rotational constant, B v , in Sets I and III are almost equal, indicating that changing A v and λ v does not influence B v , despite the formulas [13] - [16] given in the next section. Table 6 . The results are listed in Table 7 .
IV. DISCUSSION
The rotationless energy level structure for the spin components in a 4 state, excluding the spin-rotation interaction and off-diagonal terms, can be represented as follows: F( = 3/2) = T − 9 2 A + 2λ − 9 10 η + 33 4 B, [13] F( = 5/2) = T − 3 2 A − 2λ + 27 10 η + 25 4 B, [14] F( = 7/2) = T + 3 2 A − 2λ − 27 10 η + 1 4 B, [15] F( = 9/2) = T + 9 2 A + 2λ + 9 10 η − 39 4 B. [16] These equations suggest that A v , λ v , and η v are difficult to be determined independently, unless cross transitions with = 0 are observed and the three spin-orbit intervals are derived. As shown in the analysis, λ v and η v were determined only from the submillimeter-wave data (Set I in Table 6 ). Because λ v and η v constants are of the same order of magnitude as the rotational constant, B v , the deviation from the case (a) in higher J -rotational states, although small, is not negligible. For example, if λ v is varied from 3 GHz (0.10 cm −1 ) to 4.5 GHz (0.15 cm −1 ) with all other parameters unchanged, the effective term values, [13] - [16] , should vary by 2 × | λ v | = 3 GHz (0.10 cm −1 ) for any J , when the deviation from the case (a) is completely neglected. However, when the effect of the offdiagonal rotational part of the Hamiltonian is included, the effect of λ v on the term value at a high J such as J = 60.5 is reduced by about 133 MHz. Because of this J dependence due to the departure from pure case (a), "effective" λ v and η v can be determined, even if cross transitions with = 0 are not available.
The rotational constants for the v = 0, 1, and 2 from Tables 6 and 7 resulted in the equilibrium constants B e = 4 873.143 77(72) MHz, α e = 24.108 78(122) MHz, and γ e =27.62(44) kHz. The r e structure of TiCl is r e = 2.264 623 45 (15)Å (Table 9) , which is significantly smaller than the values determined by ab initio calculations, 2.311Å, 2.370Å, and 2.319Å at CCSD(T) (12) end CASSCF and MRSDCI + Q (15) levels, respectively. The r 0 structure in the C and G excited states was obtained as 2.297 237 9(68)Å and 2.296 823 3(57)Å, respectively. The obtained r 0 structure in 
